In search of the counterpart to the brightest unidentified gamma-ray source 3EG J2020+4017 (2CG078+2) we report on new X-ray and radio observations of the γ-Cygni field with the Chandra X-ray Observatory and with the Green Bank Telescope (GBT). We also report on reanalysis of archival ROSAT data. With Chandra it became possible for the first time to measure the position of the putative gamma-ray counterpart RX J2020.2+4026 with sub-arcsec accuracy and to deduce its X-ray spectral characteristics. These observations demonstrate that RX J2020.2+4026 is associated with a K field star and therefore is unlikely to be the counterpart of the bright gamma-ray source 2CG078+2 in the SNR G78.2+2.1 as had been previously suggested. The Chandra observation detected 37 additional X-ray sources which were correlated with catalogs of optical and infrared data. Subsequent GBT radio observations covered the complete 99% EGRET likelihood contour of 3EG J2020+4017 with a sensitivity limit of L 820 ≈ 0.1 mJy kpc 2 which is lower than most of the recent deep radio search limits. If there is a pulsar operating in 3EG J2020+4017, this sensitivity limit suggests that the pulsar either does not produce significant amounts of radio emission or that its geometry is such that the radio beam does not intersect with the line of sight. Finally, reanalysis of archival ROSAT data leads to a flux upper limit of f x (0.1-2.4 keV) < 1.8 × 10 −13 erg s −1 cm −2 for a putative point-like X-ray
source located within the 68% confidence contour of 3EG J2020+4017. Adopting the SNR age of 5400 yrs and assuming a spin-down to X-ray energy conversion factor of 10 −4 this upper limit constrains the parameters of a putative neutron star as a counterpart for 3EG J2020+4017 to be P 160 (d/1.5 kpc)
−1 ms,Ṗ 5 × 10 −13 (d/1.5kpc) −1 s s −1 and B ⊥ 9 × 10 12 (d/1.5 kpc) −1 G.
Subject headings: gamma-rays: individual (3EG J2020+4017) -ISM: individual (G78.2+2.1) -X-rays: individual (RX J2020.2+4026)
Introduction
The error boxes of unidentified gamma-ray sources are usually large, and thus the task of finding appropriate candidate counterparts at other wavelengths has not been easy. About 20 bright point-like gamma-ray sources were found near the Galactic plane using COS-B (Swanenburg et al. 1981 ) some of which may be concentrations of molecular hydrogen (Mayer-Hasselwander & Simpson 1990 ). Another few, such as the Crab and Vela pulsars, were identified based on their periodic emission (Thompson et al. 1975) . The nature of the other objects remained unknown.
The much more sensitive EGRET telescope on the Compton Gamma-Ray Observatory (CGRO) was expected to contribute decisively to the identification of the COS-B sources. And indeed, the higher count rates and tighter source locations provided by EGRET confirmed the existence of most of the COS-B sources and led to the identification of several other sources. Most prominent were the gamma-ray pulsars Geminga and PSR B1706-44 which could be identified on the basis of detections at X-ray and radio wavelengths (see e.g. Kanbach 2002 and Pavlov 2001 for a review and references). At high Galactic latitudes about 90 new high-energy sources could be correlated with blazars. The final EGRET catalog of gamma-ray sources lists 271 objects (Hartman et al. 1999 ) of which about 170 are unidentified. Their distribution suggests that most of them are Galactic. The origin and nature of this population of extremely energetic objects is clearly of interest.
Seven of the Galactic gamma-ray sources are rotation-powered pulsars, identified through the periodic modulation of their gamma-ray fluxes. These seven are also persistent, pointlike sources at gamma-ray energies. In the 100 MeV -1 GeV energy range, these sources have hard, power-law-like spectra with high-energy cut-offs at a few GeV. Although rotationpowered pulsars are best known as radio sources, this is not true for all -Geminga, for example, shows at best marginal evidence of pulsed radio emission (Kuzmin & Losovkii 1997) . Geminga is thus taken as the prototype of a 'radio-quiet' gamma-ray pulsar of which many more should exist in the Galaxy. Although Geminga's gamma-ray luminosity is rather low (its small distance of about 160 pc makes it a bright source) the property of radio faintness could be indicative of pulsar emission where the beamed radiation at different wavelengths is emitted into widely different directions. Such a model may be applicable to young, high luminosity pulsars as well (Yadigaroglu & Romani 1995) . There are other models to explain Geminga's radio faintness though (e.g. Gil et al. 1998) .
A review of the spectra of unidentified low Galactic latitude EGRET sources (Bertsch et al. 2000; Merck et al. 1996) shows that about 10 objects exhibit the very hard powerlaw type spectra with a cut-off at several GeV as seen also in the identified pulsars. These objects would be prime targets for identification efforts at other wavelengths. Relatively deep radio searches (at 770 MHz) at the positions of several of these sources have not found radio counterparts (Nice & Sayer 1997) . Population studies of the unidentified gamma-ray sources close to the Galactic plane indicate that their luminosities are also quite compatible with the luminosities of the younger identified pulsars . Suggestions, other than pulsars, for the nature of these gamma-ray sources have also been widely discussed. Energetic objects, like massive young stars or OB associations and SNRs have been correlated with the 3EG catalog (e.g. Romero et al. 2000) and certainly indicate a close relationship with the gamma-ray sources.
Multi-wavelength observations focusing on promising candidate sources have been quite successful in recent years. Observations in X-rays have been useful: e.g. in the cases of 3EG J2006−2321 = PMN2005−2310 (Wallace et al. 2002) and 3EG J2016+3657 = B2013+370 (Halpern et al. 2001a) . New pulsar/isolated neutron star identifications were reported, e.g. 3EG J2227+6122 (Halpern et al. 2001b ) by discovery of the characteristic pulsar period of RX/AX J2229.0+6114. X-ray observations were used to relate the high Galactic latitude source 3EG J1835+5918 to an isolated neutron star, RX J1836.2+5925 Mirabal & Halpern 2001; Halpern et al. 2002) .
With the wealth of incoming discoveries from the Parkes multi-beam pulsar survey, promising associations between newly discovered radio pulsars and EGRET sources have also been discussed. These associations include the two young pulsars PSR J1420-6048 and PSR J1837-0604 in the vicinity of 3EG J1420-6038 and 3EG J1837-0606, respectively; PSR J1016-5857 near the SNR G284.3-1.8 is a plausible counterpart for 3EG J1013-5915 . In a recent survey of 56 unidentified EGRET sources Roberts et al. (2004) found a radio pulsar located inside the 95% likelihood map in six of the investigated gamma-ray sources. The discovery of PSR J2021+3651 in the error box of GeV 2020+3658 using the 305m Arecibo radio telescope is another positive example (Roberts et al. 2002; Hessels et al. 2004 ). However, Torres, Butt & Camilo (2001) , and more recently Kramer et al. (2003) , who have summarized the observational status of the radio pulsars and EGRET-detected gamma-ray sources concluded that, in many cases, further multi-frequency investigations are required in order to conclusively translate a proposed association into a final source identification. 3EG J2020+4017 is among the brightest persistent sources in the EGRET sky. Originally listed as a COS-B source (2CG078 + 01) it is still unidentified. Its gamma-ray flux is consistent with constant flux (Hartman et al. 1999) , and the spectrum is hard and best described by a power-law with photon-index of 1.9 ± 0.1. Merck et al. (1996) found evidence for a spectral break at ∼ 4 GeV which has been confirmed in recent studies by Bertsch et al. (2000) and Reimer & Bertsch (2001) .
Examining all archival EGRET data and using photons > 1 GeV, Brazier et al. (1996) found a best position at α 2000 = 20 h 20 m 15 s , δ 2000 = 40
• 21 ′ with a 20 × 14 arcmin 2 95%-confidence error box. This position was consistent with the 2EG catalog position and placed the EGRET source within the γ-Cygni supernova remnant G78.2+2.1.
The remnant G78.2+2.1 consists of a 1
• -diameter, circular radio shell with two bright, broad opposing arcs on its rim (Higgs, Landecker & Roger 1977; Wendker, Higgs & Landecker 1991) . G78.2+2.1 has a kinematic distance of 1.5 kpc ± 30% (Landecker, Roger & Higgs 1980; Green 1989) and is estimated to have an age of 5400 yr (Sturner & Dermer 1995) . A very bright star, γ-Cygni (m v = 2.2, spectral type F8Iab) lies on the eastern edge and lends its name to the remnant. A small Hii region, located close to the star, forms the so-called γ-Cygni nebula. Brazier et al. (1996) analyzed ROSAT PSPC data viewing the γ-Cygni region. Six PSPC observations were targeted at celestial positions within 40 arcmin of the EGRET source. These ROSAT observations are combined and shown in Figure 1 . The point source RX J2020.2+4026 is located within the 95% confidence contour of the 2EG position of 2CG078+2 (Brazier et al. 1996) , and was suggested by these authors to be the X-ray counterpart to the gamma-ray source. Brazier et al. (1996) and Carraminana et al. (2000) provided a possible optical counterpart for RX J2020.2+4026. Optical follow-up observations revealed a 14.5 magnitude K0V star nearby and within the ≈ 6 ′′ ROSAT error circle. The X-ray to optical flux ratio of this star was found to be marginally consistent with that found for late-type stars (Stocke et al. 1991; Fleming et al. 1995) , so that an association of RX J2020.2+4026 with the gamma-ray source could not be excluded (Brazier et al. 1996) .
With the 3EG catalog (Hartman et al. 1999) , an improved position of 2CG078+2 became available:
′′ , i.e. shifted in right ascension and declination by a few arc-minutes with respect to the 2EG position used by Brazier et al. (1996) .
With this improved position the proposed counterpart RX J2020.2+4026 is no longer located within the 95% contour of 3EG J2020+4017. The 99% likelihood contour, however, still includes RX J2020.2+4026 (Figure 1 ).
In this paper we report on follow-up studies of RX J2020.2+4026 with Chandra and the Green Bank Radio Telescope. The Chandra observations were taken with the aim to determine the position and spectrum of RX J2020.2+4026 with high precision and to explore the possible connection with 3EG J2020+4017. GBT observations at 820 MHz were made in order to search the EGRET error box of 3EG J2020+4017 for a young radio pulsar.
Chandra Observations and Data Analysis
Our 30 ksec Chandra observation (ObsID 3856) was taken on 2003 January 26 using three Advanced CCD Imaging Spectrometer (ACIS) CCDs (S2,3,4) in the faint, timedexposure mode with a frame time of 3.141 s. Standard Chandra X-ray Center (CXC) processing (v.6.8.0) has applied aspect corrections and compensated for spacecraft dither. Level 2 event lists were used in our analyses. Events in pulse invariant channels corresponding to 0.5 to 8.0 keV were selected for the purpose of finding sources on S2 and S4 (after destreaking). The energy range 0.25 to 8.0 keV was utilized for source finding with S3. Due to uncertainties in the low energy response, data in the range 0.5 to 8.0 keV were used for spectral analysis. There were no instances of increased background.
The center position used for the Chandra pointing was that of the ROSAT source RXJ2020.2+4026, at α 2000 = 20 h 20 m 17. s 0 and δ 2000 = 40
• 26 ′ 9 ′′ . The ACIS image overlaid with the 3EG likelihood contour lines of 3EG J2020+4017 is shown in Figure 2 . The positions of RX J2020.2+4026 and 37 other X-ray sources detected by Chandra are also indicated. RX J2020.2+4026 still appears to be the brightest X-ray source in the field.
Image Analysis
We used the same source finding techniques as described in Swartz et al. (2003) with the circular-Gaussian approximation to the point spread function, and a minimum signalto-noise ratio (S/N) of 2.6, expected to result in much less than 1 accidental detection in the field. The corresponding background-subtracted point source detection limit is ∼10 counts. Nineteen sources were found on the S2 chip, 16 on S3, and three on the S4 CCD. Table 1 gives the source positions, the associated uncertainty in these positions, and the signal-to-noise ratio. The positional uncertainty listed in column 7 is given by r = 1.
where σ is the size of the circular Gaussian that approximately matches the point-spread function (PSF) at the source location, N is the vignetting-corrected number of source counts, and σ o represents the systematic error. The factor 1.51 sets the radius to that which encloses 68% of the circular Gaussian. The Table also lists potential counterparts in either the United States Naval Observatory Catalog (USNO-B1.0; Monet et al. 2003) , the Two Micron All Sky Survey (2MASS), or the various ROSAT catalogs. With the exception of the target source, ROSAT sources were listed if their position was within 5.
′′ 0 of the Chandra position. Uncertainties in the plate scale 8 imply a systematic uncertainty of 0. ′′ 13, and, given the differences in the USNO and 2MASS and CXO positions, we have used 0.
′′ 3 as a conservative estimate for σ o .
The non-X-ray candidate counterparts were selected by searching a circular region centered on the X-ray position and whose radius was the 99%-confidence radius (3.03/1.51 times the positional uncertainty listed in column 7) continuing the assumption that the point-spread function is described by a circular Gaussian. We do recognize, of course, that the assumption is not accurate far off-axis, however, this is partially compensated in that there is a good deal of conservatism built into the definition of the positional uncertainty and by the fact that there is very little impact on the position centroid.
As a further check on our estimate of the systematic error in the correlation of the X-ray and optical positions a position-error weighted least squares fit was performed. Right ascension, declination, and roll angle of the pointing position were taken as free parameters of this fit. The uncertainties in the optical positions were taken from the USNO-B1.0 catalog. The uncertainty in the X-ray position was that discussed previously, including the systematic uncertainty σ 0 = 0.
′′ 3. There are 26 optical candidates selecting only one of the two possible counterparts to S401. The fit was excellent (χ 2 of 55 for 52 degrees of freedom), independent of which candidate was associated with S401. The fitted quantities for right ascension, declination, and roll angle were −0.
′′ 12 ± 0. ′′ 12, 0. ′′ 01 ± 0. ′′ 10, and −32 ′′ ± 65 ′′ , respectively. Considering that we have ignored any possible systematic errors in the non-X-ray positions, such as those due to proper motion, we feel that applying this offset is unjustified.
Optical and Infrared Counterparts
The BROWSE 9 feature was used to search for cataloged objects at or near the X-ray positions listed in Table 1 . All available BROWSE catalogs were selected to be interrogated and the 99%-confidence region around the X-ray sources were searched for possible counterparts.
USNO-B1.0
There are 3387 USNO-B1.0 sources in a 12
′ radius centered on the X-ray pointing direction. To the extent that these are uniformly distributed there are 2.1 × 10 −3 sources arcsec
and this density was used to calculate the expected average number of accidental coincidences listed in column 4 of Table 2 . The probability of getting one or more matches by chance is given by the Poisson probability 1 − exp(−N r99 ) which for small values is approximately N r99 . These probabilities are always below 7% and most (20 of 26) below 2%. The separation between the X-ray source and the optical source is listed in the 8th column of Table 1 . The position of the candidate optical counterpart is also listed in Table 2 . There are two optical candidate counterparts for S401.
The position of the source S312 is found to match that of the optical K0V-star which has a USNO-B1.0 position of α 2000 = 20 h 20 m 17. s 13 and δ 2000 = +40
• 26 ′ 14 ′′ 9.
2MASS
There are 5061 2MASS sources in the 12 ′ radius circle centered on the pointing position and the inferred density was used to calculate the probability of an accidental coincidence that is listed in column 7 of Table 2 . The probabilities are always below 12% and about half of them are below 2%. Other pertinent information concerning the potential infrared counterparts is listed in Tables 1 and 2 . In Table 2 we have also listed, where relevant, the separation between the optical and the infrared candidate counterparts. In all cases but S209, these separations are sub-arcsecond, implying, apart from the exception, that the optical and the infrared sources are the same. Table 3 shows the magnitudes and colors of the 2MASS counterparts. Figure 3 shows the colors of all of the 2MASS sources in a 12-arcmin radius circle centered on the pointing direction. With two possible exceptions, the inferred counterparts of the X-ray sources appear to be distributed as the field sources. Those that do not appear to be reddened have colors of moderately late-type stars. This is not surprising since the γ-Cygni field is close to the Galactic plane where approximately 90% of 2MASS sources are stars 10 . Although most Galactic-plane 2MASS objects are normal stars, the majority of objects identified with X-ray sources need not be stars. For example, the X-ray emission may arise from a compact companion. The distribution of the colors of the X-ray selected subset, however, seems to reproduce the distribution of the field objects. The two most reddened sources are S208 and S309 which have J−K S > 3 and thus may possibly be background sources (AGNs) absorbed by the Galactic column.
The position of the source S312 is found to match that of the optical K0V-star which has a 2MASS position of α 2000 = 20 h 20 m 17. s 13 and δ 2000 = +40
• 26 ′ 14. ′′ 5.
Spectral Analysis
Point-source counts and spectra were extracted from within the radii listed in column 4 of Table 1. The background estimation was determined from creating data sets for each CCD after removing the events from each source region out to a radius 10 times the extraction radius listed in Table 1 .
Only a few of the 38 detected sources have sufficient counts to warrant an attempt at an individual spectral analysis. In descending order of the number of detected counts, these are sources S312 (253 cts), S206 (213 cts), S219 (201 cts), S305 (176 cts), S214 (101 cts), and S204 (85 cts). All spectral analyses used CIAO 3.0.2 to extract the pulse invariant (PI) files and CXC CALDB 2.25 calibration files (gain maps, quantum efficiency uniformity and effective area) to generate the appropriate effective area and response functions. The spectral data were corrected for the effects of charge transfer inefficiency produced by proton damage to the front-illuminated CCDs early in the mission. Finally, we accounted for the impacts of molecular contamination on the ACIS filters with the number of days since launch set at 1275. For the absorbing column we used TBABS in XSPEC (v.11.2) with the default cross sections but with the abundances set to Wilms, Allen & McCray (2000) . The data were binned with no less than 10 counts per spectral bin. All given errors on spectral parameters are extremes on the two interesting parameters at the 68% confidence range. As noted previously, spectral analysis were restricted to the energy range 0.5 − 8.0 keV because of the large uncertainties in the ACIS spectral response at low energies.
Source S312 (RX J2020.2+4026)
Three spectral models were applied. The first model, an absorbed power law, resulted in a statistically excellent fit (χ 2 of 16.7 for 15 degrees of freedom) but with physically unreasonable parameters such as a very steep power law spectral index of 8.2.
The second model was the thermal, emission-line XSPEC model mekal. With Z = 1.0 Z ⊙ (solar metallicity), we obtained an acceptable fit (χ 2 = 22.3 for 15 degrees of freedom) with N H ≈ 0.0 cm −2 , and kT ≈ 0.77 keV. The 1σ confidence ranges for the column absorption and temperature are N H =< 0.05 × 10 22 cm −2 and kT = 0.68 − 0.83 keV, respectively. The third model, a blackbody with N H ≈ 0.4 × 10 22 cm −2 and kT ≈ 0.14 keV, provides an alternative statistically acceptable representation of the X-ray spectrum (Table 4) . The spectrum and residuals of that fit are shown in Figure 4 .
From the Hi in the Galaxy (Dickey & Lockman 1990) we compute the column absorption through the Galaxy in the direction to γ-Cygni to be N H ∼ 1.4 × 10 22 cm −2 . This is comparable with the column absorption of sources in γ-Cygni (Maeda et al. 1999; Uchiyama et al. 2002) and significantly higher than what is found from spectral fits of S312, suggesting that this source is a foreground object.
The low-column mekal spectrum together with the positional identification would appear to establish S312 (RX J2020.2+4026) as the X-ray counterpart to the K0V-star, invalidating its association with the unidentified EGRET source 3EG J2020+4017. This conclusion is bolstered by considering the upper limit to the X-ray luminosity of < 3 × 10 28 erg s −1 which we obtained from the X-ray flux of f x ∼ 2.5 × 10 −14 erg s −1 cm −2 and the distance upper limit of < 356 pc. The latter was derived from the star's spectral type K0 (Brazier et al. 1996) and distance modulus. We note that the luminosity is slightly high suggesting the star is rotating "rapidly" which is mildly inconsistent with the optical spectra.
The other "bright" sources
As with S312 (RX J2020.2+4026) we binned the data to assure at least 10 counts per spectral bin and fit the data for the other relatively bright sources to the absorbed power law, mekal and blackbody models. The results are summarized in Table 4 .
S206 About 213 source counts were detected from this source. The data clearly favor the power law spectrum with a photon-index in the 68% confidence range 1.67 − 2.36.
S219
This source is detected with 201 source counts near to the edge of the S2 CCD and was seen by ROSAT (1RXH J202111+402807). In contrast to S206, a more complicated spectrum is called for. We tried to fit the data with a two-temperature mekal model (not unusual for stars) which did provide a good fit (χ 2 = 15.0 on 14 degrees of freedom). The two best-fit temperatures were 0.2 and 24 keV with the highly uncertain higher temperature component providing only 3% of the total flux. The best-fit absorbing column was N H = 0.7 × 10 22 cm −2 .
S305 Similar to S312, all three spectral models provided statistically adequate fits to the spectral data. In this case, however, it is not valid to argue that the power law index is unphysical.
S214 & S204
None of the three model spectral fits are acceptable (as with S219), however, with only a total of seven and five bins of spectral data respectively, it would not be surprising to be able to fit these data with a more complicated model. Both sources have both USNO-B1.0 and 2MASS counterparts.
For the remaining 32 sources, all with fewer than 69 detected source counts, no spectral fitting was attempted. These sources were, however, included in the X-ray color-color diagrams presented in the following section.
X-ray color-color relation
We show two X-ray "color-color" diagrams in Figures 5 and 6 . Because of differences in the spectral responses, the data were separated between back-and front-illuminated CCDs, the back-illuminated CCDs being somewhat more sensitive to low energy X-rays. Clearly, since most of these sources were detected with a small number of total counts, the uncertainties are large and it is difficult to draw any firm conclusions. Thus the figures are primarily included for completeness. We note that the hardest sources (S203, S302, S313, S316), those that occupy the upper-right portions of the diagrams, are among those with no USNO and/or 2MASS counterparts and these may be background sources (AGN) absorbed by the Galactic column. The very soft and unabsorbed sources (S315, S219, S403, S207, S210, S217) are likely to be associated with foreground stars and all have optical and infrared candidate counterparts. The infrared colors (Table 3 ) of all of these objects, except for the candidate counterpart to S219, are those expected for evolved main sequence (primarily K) stars. The counterpart to S219 would have to be a giant or supergiant.
Time Variability
The paucity of detected counts for the X-ray sources limit the ability to draw many conclusions from the time series. In one case however, S206, the source was quiescent for most of the observation and then suddenly flared as shown in Figure 7 . There is also, less compelling, evidence that S219 flared. The flaring nature of S206 and a 2MASS counterpart are all consistent with coronal emission from a star.
Re-analysis of Archival ROSAT Data
We have re-analyzed the archival ROSAT PSPC data used by Brazier et al. (1996) . Source detection algorithms (box car as well as maximum likelihood) found many sources, most of which appear to be associated with the diffuse emission of the remnant G78.2+2.1 as neither of these methods is ideally suited for searching for point sources embedded in extended sources (i.e. patchy background). The X-ray source RX J2020.2+4026 seen by Brazier et al. (1996) was the only point source detected. No other point source was found within the 3EG J2020+4017 error box. Using these data we can thus set a 2σ count rate upper limit of 6.9 × 10 −4 PSPC counts/s for a putative X-ray point source located within the region defined by the 68% confidence contour of 3EG J2020+4017. Assuming a power law spectrum with a photon index of two and a column absorption of 1.4 × 10 22 cm −2 (Dicky & Lockman 1990), the count rate upper limit corresponds to an energy flux upper limit of f x (0.1-2.4 keV) < 1.8 × 10 −13 erg s −1 cm −2 and f x (0.5-8.0 keV) < 1.7 × 10 −13 erg s −1 cm −2 , respectively. For a distance of 1.5 kpc this yields L x (0.1-2.4 keV) < 4.8 × 10 31 erg s −1 for the upper limit to the isotropic X-ray luminosity.
In addition to the ROSAT PSPC observations, there are four HRI data sets in the ROSAT archive which partly cover the 3EG J2020+4017 error box. These data were taken between 1994 and 1997 with varying exposure times from 10 ksec to 36.5 ksec, respectively, and were not considered in the analysis of Brazier et al. (1996) . Table 5 list the observational details. A maximum-likelihood source-detection algorithm with a threshold of 5σ found six point sources in the data set 400899h, two in 202534h, one in 500339h and none in 202033h. The source properties are given in Table 6 and the positions are shown in Figure 1 .
The region observed in the HRI observation 400899h mostly overlaps our Chandra observations. Of the six sources detected in this HRI observation, two new X-ray sources not seen by Chandra are detected; RX J202137.6+402959 and RX J202057.8+402829. Thus, these sources appear to be variable. The other four HRI sources detected are S214, S219, S204 and S312 (the last is the putative X-ray counterpart of 3EG J2020+4017 proposed by Brazier et al. 1996) . Among the other three newly detected sources, only RX J202150.5+401837 is located within the 95% likelihood region for the position of 3EG J2020+4017. The other two sources are located far outside the 99% contour and cannot account for an X-ray counterpart of 3EG J2020+4017.
Radio Observations and Data Analysis
A deep search for radio pulsations from 2CG078+2 was carried out using the GBT on 2003 December 27. The observations were made at a center frequency of 820 MHz using an identical data acquisition and analysis scheme as that described by Camilo et al. (2002) in their detection of 65-ms radio pulsations from the pulsar in SNR 3C 58. Given the uncertain position of the putative pulsar, the observing time was divided into four separate pointings of the 15 ′ (FWHM) beam: one pointing was approximately centered on RX J2020.3+4026, and the remainder were arranged so as to cover much of the EGRET error region likely to contain the γ-ray source with 99% probability (Figure 8 ). Due to time constraints, dwell times of 4 hr for three of the pointings, and 3 hr for the fourth, were used. The pointings are summarized in Table 7 . Data were acquired with the Berkeley Caltech Pulsar Machine (BCPM), an analog/digital filter bank (Backer et al. 1997 ) that divides the frequency band into 96 contiguous channels and samples the incoming voltages of the two orthogonal circular polarizations received by the telescope every 72 µs. For these observations, the channel bandwidth was set to 0.5 MHz so that a total band of 48 MHz was recorded. After summing the polarizations, the resulting total-power time samples were written to disk with 4-bit precision for subsequent off-line processing. Known pulsars were successfully detected before and after the 2CG078+2 observations. The data analysis was carried out at Jodrell Bank using standard Fourier-based pulsar search software routines (for full details, see Lorimer et al. 2000) which are freely available 11 . In order to reduce the volume of data, 12 (10) adjacent time samples were added together prior to dedispersion of the 4-hr (3-hr) observations. The resulting decimated time series had effective sampling times of 864 and 720 µs. This choice of decimation was convenient for the periodicity search, which uses a base-two Fourier transform algorithm. For a 2 24 -point Fourier transform, the effective integration times were 3.9 hr and 3.2 hr. The latter data were zero padded. Each observation was analyzed separately. The data were first dedispersed at 301 trial dispersion measure (DM) values between 0 and 300 cm −3 pc. The expected DM from the NE2001 electron density model (Cordes & Lazio 2002) for l = 78.2 • is ≈ 17 cm −3 pc, assuming a distance of 1.5 kpc (Landecker, Roger & Higgs 1980) . The maximum DM in this direction is 350 cm −3 pc (Cordes & Lazio 2002) . The resulting time series were then Fourier transformed and the amplitude spectra searched for significant features. To increase sensitivity to narrow duty-cycle pulses, individual spectra summing the first 2, 4, 8 and 16 harmonics were also searched. The resulting list of candidate signals above a S/N threshold of 6 were then folded in the time domain for visual inspection. No convincing pulsar-like signals were found.
Based on the known system parameters we estimate the sensitivity 12 of our observations to be S min = 0.2 δ 1/2 mJy at periods 10 ms and DMs consistent with the 1.5 kpc distance. With a typical duty cycle δ = 0.04, this yields S min ∼ 40 µJy. For a distance of 1.5 kpc the 820-MHz luminosity limit L 820 is 0.09 mJy kpc 2 . For an assumed radio spectral index of −1.0 (see e.g. Lorimer et al. 1995) the corresponding luminosity at 1400 MHz is L 1400 ∼ 0.05 mJy kpc 2 which is lower than most of the recent deep radio search limits (see e.g. Camilo 2003) . If there is a pulsar operating in 3EG J2020+4017, our sensitivity limit suggests that the pulsar either does not produce significant amounts of radio emission or that its geometry is such that the radio beam does not intersect with the line of sight.
Discussion and Summary
We have searched a portion of the γ-Cygni field for possible X-ray counterparts to the intriguing gamma-ray source 3EG J2020+4017 (2CG078+2) using Chandra and ROSAT. We have shown that a previous candidate, RX J2020.2+4026, is almost certainly not the gamma-ray source but identified with a normal star. This conclusion is based on the refined position of the X-ray source, its spectrum and coincidence with both optical and infrared sources and the inferred X-ray luminosity. Further, we have found a total of 38 X-ray sources in the Chandra S2-, S3-and S4-fields which covers only part of the much larger error box containing the location of the EGRET source. A re-analysis of archival ROSAT HRI data revealed three more X-ray sources within the EGRET error box which are not detected in the Chandra observations. Two of these sources are surely variable whereas the third source was found in a region not covered by the Chandra observation. We found that some of the Chandra sources have counterparts that may be main-sequence stars based on their identification with optical objects and 2MASS sources of normal colors. Of course the Xray emission may not be due to the main sequence star, but can arise from an accreting compact companion. None of the X-ray sources appear to be radio pulsars, down to a limiting sensitivity of L 820 = 0.09 mJy kpc 2 for an assumed pulse duty cycle of 4%. This limit also applies to the entire region associated with the 99%-confidence position contours of 3EG J2020+4017.
Determining an upper limit for a putative X-ray point source located within the 68% confidence contour of 3EG J2020+4017 using archival ROSAT PSPC data we found a 2σ luminosity upper limit of L x (0.1-2.4 keV) < 4.8 × 10 31 erg s −1 which is four times smaller than the ROSAT PSPC-deduced luminosity observed from the Vela pulsar (L x = 1.77 × 10 32 erg s −1 , e.g. Table 3 in Becker & Aschenbach 2002) but about four times higher than the total ROSAT observed X-ray luminosity from Geminga (L x = 1.26 × 10 31 erg s −1 ). We therefore consider it as a valid option that the counterpart of 3EG J2020+4017 is a neutron star with an X-ray luminosity similar to that observed from Vela-like to middle-aged pulsars. An object with such luminosity would not have been detected in the X-ray data from ROSAT which cover that region of the sky. Adopting the SNR age of 5400 yrs and assuming a spindown to X-ray energy conversion factor of 10 −4 (Becker & Trümper 1997) we are able to constrain the spin-parameters of such a putative neutron star to be P 160 (d/1.5 kpc)
−1 ms, P 5 × 10 −13 (d/1.5kpc) −1 s s −1 and B ⊥ 9 × 10 12 (d/1.5 kpc) −1 G, which are consistent with the properties of known Vela-to middle-aged pulsars (e.g. Gonzalez & Safi-Harb 2003 , Becker & Pavlov 2001 , given the uncertainty of this approach. The ratio of the γ-ray to soft X-ray flux deduced from our upper limit, f γ /f x > 2400, is consistent with this conclusion.
In order to obtain a full census of the X-ray population in the error box of 3EG J2020+4017 further observations with Chandra are required. As the discovery of Geminga has taught us, deep follow-up optical observations of new X-ray sources can also lead to the identification of the nature of a high-energy source. Finally, the measurements we expect from the GLAST mission (launch 2007) should provide a much improved signal-to-noise ratio and a source location better than 0.
′ 5 for this gamma-ray source. This will open the possibility to directly search for pulsar periodicities in the gamma-ray data. In case no pulsar is found, the restricted number of Chandra sources in the GLAST error box will then be prime candidates for even deeper searches for counterparts.
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